It has been shown that using nanofluids as heat carrier fluids enhances the conductive and convective heat transfer of geothermal heat exchangers. In this paper, we study the stability of nanofluids in a geothermal exchanger by numerically simulating nanoparticle sedimentation during a shut-down process. The nanofluid suspension is modeled as a non-linear complex fluid; the nanoparticle migration is modeled by a particle flux model, which includes the effects of Brownian motion, gravity, turbulent eddy diffusivity, etc. The numerical results indicate that when the fluid is static, the nanoparticle accumulation appears to be near the bottom borehole after many hours of sedimentation. The accumulated particles can be removed by the fluid flow at a relatively high velocity. These observations indicate good suspension stability of the nanofluids, ensuring the operational reliability of the heat exchanger. The numerical results also indicate that a pulsed flow and optimized geometry of the bottom borehole can potentially improve the suspension stability of the nanofluids further.
Introduction
Geothermal energy is a renewable form of energy, which can be extracted and used [1] . Within thermo-active piles or energy piles, geothermal energy can be used as a heat source or a heat sink to heat or cool buildings, with the potential to save energy; this saving can be up to two-thirds of the conventional systems and without any harmful environmental emissions [2] . Since 1913, geothermal energy has been utilized for electricity generation, and in 2007, geothermal plants worldwide have demonstrated the capacity to produce about 10 GW of electricity, which is about 0.3% of the global electricity demand [3] . Geothermal energy is also widely applied in melting snow, space cooling, agricultural applications, and desalination [4, 5] .
In the last few decades, many studies have pointed to the development and utilization of geothermal energy [1, 6] . For example, Østergaard and Lund [7] discussed a technical scenario for the transition of Frederikshavn's (a city in Denmark) energy supply from being predominantly dependent on fossil fuel to being fueled by renewable geothermal energy; they also indicated that the use of geothermal energy with an absorption heat pump showed promise for radically reducing the natural energy piles, by introducing nanofluids as the heat carrier fluid to enhance the conductive-convective heat transfer of the working fluid in a geothermal exchanger.
Despite the evidence of heat transfer performance improvement by using nanofluids, very few studies have considered the suspension stability of nanofluids in geothermal heat exchangers. In this paper, we study the motion and possible sedimentation of nanoparticles in a coaxial geothermal heat exchanger under gravity; we also discuss possible ways of removing the accumulated nanoparticles.
Mathematical Model
In this section, we discuss the basic governing equations and the relevant constitutive relations used in our mathematical model.
Governing Equations
We assume that the nanofluid is composed of a mixture of a solid-fluid suspension, which can be modeled as a single-component, non-linear fluid. The migration of the nanoparticles is modeled by particle fluxes due to gravity, Brownian motion, etc. If the effects of electromagnetism and chemical reactions are ignored, the governing equations are the conservation equations for mass, linear and angular momentum, and the (nanoparticle) concentration/flux [33] .
Conservation of Mass
The conservation of mass is given by,
where ρ n f = (1 − φ)ρ f + φρ s = αρ f + φρ s is the density of the nanofluid, φ is the volume fraction (concentration) of the nanoparticles, ρ f and ρ s are the pure densities of the base fluid and the nanoparticles in the reference configuration; ∂/∂t is the partial derivative with respect to time, div is the divergence operator, and v is the velocity vector. For an isochoric motion,
Conservation of Linear Momentum
The conservation of linear momentum is,
where b is the body force vector, T is the Cauchy stress tensor, and d/dt is the total time derivative, given by
The conservation of angular momentum indicates that in the absence of couple stresses, the stress tensor is symmetric (i.e., T = T T ).
Conservation of Nanoparticles Concentration
The equation for the nanoparticles concentration is [34] ,
Here, the first term on the left-hand side denotes the rate of change of the concentration, the second term denotes the transport of nanoparticles due to convection, and the term on the right-hand side describes the transport of nanoparticle by diffusion. The diffusive particle flux j is assumed to be composed of fluxes related to the Brownian motion, gravity, turbulent eddy diffusivity, etc. [34] [35] [36] . In the next section, we discuss the constitutive relations for T and j used in this study.
Constitutive Equations
The material properties of the nanofluids can, in general, depend on the nanoparticle concentration, temperature, shear rate, etc. [37] [38] [39] .
Stress Tensor
We assume that the nanofluid can be modeled as an incompressible viscous fluid [34, 40] ,
where µ n f is the viscosity of the nanofluid, I is the identity tensor, p is the pressure, and D is the symmetric part of the velocity gradient. In this paper, we consider two types of nanofluids: water-Al 2 O 3 and water-Fe 4 O 4 nanofluids. The viscosity for the water-Al 2 O 3 nanofluid is given by,
where µ f is the viscosity of the base fluid. The above correlation is based on Wang's experiments [41] . For the water-Fe 4 O 4 nanofluid, we consider the shear viscosity to be given by:
The above correlation is proposed by Sundar et al. [42] based on their experimental results. According to [43, 44] , when the bulk nanoparticle concentration is relatively low (4%), the viscosity of the nanofluid is not that sensitive to the nanoparticle size [43, 45] ; therefore, in the present paper, we ignore the effect of particle size on the viscosity. For more general information about the viscosity of a suspension/mixture, see [37] .
Particle Flux
For a solid-fluid suspension, the particles flux can be caused by the Brownian motion, turbulent diffusivity, thermophoretic diffusion, gravity, etc. [35, 46, 47] . In this paper, we assume that the particle flux j is given by:
where j B , j T , j g , and j t are the particle fluxes due to the Brownian motion, thermophoretic diffusion, gravity, and turbulent diffusivity, respectively. For j B and j T , we assume (see [34, 40] for more detail),
where ∇ is the gradient operator, D T = 0.26
φ, k B is the Boltzmann constant, and d is the diameter of the nanoparticles. In this paper, we ignore j T by assuming isothermal conditions.
For the effect of gravity, Hsu et al. [48] suggested,
where t p is the particle response time suggested by Drew [49] , β D is calculated by the Stokes' law for a sphere of diameter d settling in a fluid of viscosity ν f , and q is a correction factor from the Stokes' Law [50] . According to Hsu et al. [48] , the value of q is chosen as 3.0. Based on the work of Acrivos et al. [51] , we assume that the particle flux due to the gravity is given by,
where a is the radius of the nanoparticle. The above equations have been used in various problems, such as the falling flow of a thin film [52] . It is worth mentioning that Abedi et al. [53] assumed that the gravity flux can be given by,
where φ m is the value of the maximum packing of the particles and Sh is the Shields number, which is proportional to the ratio of fluid force on the particles to the weight of the particle. Abedi et al. [53] suggested a value of 1.134 for the Shields number. In our work, we choose the equations proposed by Acrivos et al. [51] , (Equations (14) and (15)). Finally, we assume that the turbulent diffusivity term is given by [54] ,
where ν t is the eddy viscosity and Sc is the Schmidt number, which is the ratio of the momentum diffusivity (kinematic viscosity) and the mass diffusivity and is assumed to be equal to 0.9 in our study [54] .
Expanded Forms of the Governing Equations and the Boundary Conditions
Substituting Equations (5)- (7) in Equation (3) and Equations (8)- (10), (14), (15) and (18) in Equation (4), we obtain a set of partial differential equations (PDEs), which need to be solved numerically. The PDEs are given below:
where f µ (φ) is the expression for the viscosity of the nanoparticles. The boundary conditions are summarized in Table 1 . At the walls, a no-slip boundary condition is used for the velocity and a no-flux boundary condition for the nanoparticle concentration is used; this ensures that no particle can penetrate the boundary. For more details about the boundary conditions, see [55] . The mathematical model developed here is based on the pioneering work of Buongiorno [34] , and it has been validated in our previous paper [36] . To obtain numerical solutions to the above equations, we build our PDEs' solver using the libraries of OpenFOAM (V2.30, OpenCFD Ltd, Bracknell, Berkshire, UK) [56] . OpenFOAM is a C++ toolbox for the development of customized numerical solvers for continuum mechanics models, including computational fluid dynamics (CFD) applications. In this paper, the PIMPLE algorithm is applied for dealing with the incompressibility condition. The details of how the governing equations are discretized in OpenFOAM, the PIMPLE algorithm, the numerical schemes, etc., are given in [55] [56] [57] [58] [59] . For ensuring numerical stability and accuracy, the value of the time step is chosen so that the maximum Courant number is always less than 0.1. The Courant number represents the portion of a cell by which a material will be transported by advection in a one-time step [60] . The above governing Equations (22)- (24) can be non-dimensionalized as,
The following non-dimensional parameters have been used in the above governing equations,
where H r and U r are the reference length and the reference velocity, respectively; Re is the Reynolds number; Fr is the Froude number; and J B , J t , and J g are the dimensionless numbers corresponding to the Brownian diffusion, turbulent diffusivity, and the gravity flux, respectively. 
Geometry and the Problem Description
In this paper, we look at the stability of nanofluid suspensions by (i) simulating the nanoparticle sedimentation process in a coaxial geothermal heat exchanger under gravity and (ii) the removal process of the accumulated nanoparticles. A nanofluid has good suspension stability if fewer particles aggregate and less sedimentation of the particles is observed. The coaxial geothermal heat exchanger is composed of two coaxial pipes, a casing layer, and the earth layer (formation), see Figure 1 . The two coaxial pipes form an outer channel and an inner channel. The nanofluid enters the heat exchanger from the outer channel and leaves through the inner channel at the ground surface. Based on [32, 61] , we assume r 1 = 15 mm, r 2 = 20 mm, and r 3 = 30 mm, which are in the range of the typical sizes for coaxial geothermal heat exchangers. Here, we only consider the fluid flow and the particle migration. To obtain a measure of the nanoparticles accumulated in any region, we define,
where V is the volume of the region, and φ is the average bulk volume fraction of the nanoparticles in the system. Now, φ avg is the averaged relative volume fraction of the nanoparticles, and φ s indicates the value that is higher than the relative bulk volume fraction. In the following, φ s is measured in the region where x ranges from 0 to H (see Figure 1 for the definition of the coordinates). For most of the simulations, we take advantage of the symmetry conditions in the problem, and as a result, the equations are simplified to the 2-D case. A study of the mesh dependency is performed for each geometry. In addition, it is worth mentioning that in this paper, we focus on the flow of the nanofluid under the influence of gravity; for simplicity, all the simulated cases are assumed to be isothermal. 
Results and Discussion
In Section 4.1, we present the sedimentation of the nanoparticles under static conditions (no flow) with gravity present. The effects of the particle diameter, particle type, bulk volume fraction, ground temperature, and angle of inclination of the heat exchanger are studied. In Section 4.2, the removal process of the accumulated nanoparticles in the bottom borehole region is studied. We further investigate possible means of improving the removal of the accumulated nanoparticles. Some examples are as follows: changing the geometry of the bottom borehole or introducing a pulsed flow. In the following calculations, we assume that the nanoparticles are Al 2 O 3 , the radius of the nanoparticles is 30 nanometers, the system temperature is 300 K (constant), the bulk volume fraction is 0.01, the pipes are vertical, H = r 1 , and L = 100r 1 . For properties of water-Al 2 O 3 , see Table 2 . Figure 2a shows the time evolution of the concentration of the nanoparticles along the X-direction at different radial positions R = r/H = 0, 1.167, and 2, where H is the distance between the end of the inner pipe and the bottom borehole. (See Figures 1 and 2b for the definition of the coordinates and the detail positions of R = 0, 1.167, and 2.) Figure 2a shows that at R = 0 and 2 the concentration profiles are similar; the concentration is higher near the bottom borehole, which implies sedimentation. The concentration in this region increases as time passes, while the concentration away from the bottom remains constant. At R = 1.167, the profiles show an S-shape distribution: the concentration is higher near the bottom while much lower near the end of the inner pipe (small x/H). Figure 2b shows the concentration fields at different time steps. As time increases, the nanoparticles tend to accumulate near the bottom, and the concentration near the end of the inner pipe decreases gradually, while everywhere else the concentration remains constant. Figure 2c shows the time evolution of the nanoparticle accumulation, φ s . It can be seen that φ s increases linearly as time increases; this is mainly due to the fact that we are assuming a very dilute suspension (the definition of φ s is given in Section 3). Figure 3 indicates that the intensity of the nanoparticle accumulation is stronger for Fe 3 O 4 , which has a much higher density (see Table 2 ). According to Equations (14) and (15), the term representing the particle migration (due to gravity) is linearly proportional to the particle density. Figure 4 shows the effect of the nanoparticle size on the concentration distribution. As Equations (14) and (15) show, the particle flux due to gravity depends quadratically on the particle radius. Thus from Figure 4 , we can see that as the particle size increases, the migration of the nanoparticles increases significantly. For a particle radius of 50 nm, a large region of low concentration near the end of the inner pipe can be observed, where the concentration is close to 0, see Figure 4a ,b. Figure 5 shows the time evolution of particle accumulation, φ s , with different nanoparticle sizes and types. The figures indicate that as the particle size or the density increases, φ s increases; the effect of the nanoparticle size is more significant. Figure 6a shows the effect of the ground temperature. As the ground temperature increases, the particle accumulation decreases a little, perhaps due to the increasing of the Brownian motion intensity (see Equations (9) and (10)). Figure 6b shows the effect of the nanoparticle bulk concentration. As the bulk concentration increases, the particle accumulation decreases a little, perhaps due to the increasing of the viscosity of the nanofluid. Overall, in the range of the parameters studied here, the effects of the nanoparticle concentration and the ground temperature on the concentration distribution are not significant. The particle concentration can increase the thermal conductivity of the nanofluids. On the other hand, temperature does directly affect the nanoparticle concentration through changing the intensity of the Brownian motion. 
Sedimentation of the Nanoparticles under Static Conditions with Gravity

Effects of Particle Concentration and Ground Temperature
Effects of Inclined Angle of Pipes
It has been shown that a slight tilt of the boreholes can substantially improve the performance of the geothermal heat exchanger [66] . Figure 7 shows the effect of the angle (β) between the pipes and the direction of gravity. When the pipe is vertical, β = 0 • . In the current geometry, the gravity is g = (9.8sinβ, 9.8cosβ, 0) m/s 2 . For this situation, we cannot use the symmetry conditions; therefore, the problem (the mesh) is three dimensional. Figure 7a shows the time evolution of the concentration profiles along the X-direction at different radial positions R = −2, 0, and 2. At R = −2, due to gravity in the Y-direction, as the inclination angle increases, the concentration of the particles also increases. This is the opposite effect of the variation of the concentration profiles at R = 2 (see Figure 7b for more information); for R = 0, the variation is minimal. Figure 7c shows that as the inclination angle increases, the particles accumulated (φ s ) near the bottom borehole region increase moderately. 
Suspension Stability of the Nanofluids
In this section, the concentration field after 100 h of simulation is used as the initial condition to study the effect of the fluid flow on the accumulated nanoparticles. When the Reynolds number is higher than 2600, the flow is considered to become turbulent; when the Reynolds number is less than 2300, the flow is laminar. The Reynolds number is defined as Re = ρ b f U(r 3 − r 2 )/µ b f , where ρ b f and µ b f are the density and the viscosity based on the bulk volume fraction of the nanoparticles, respectively. We also define a dimensionless time: τ = tU r 3 −r 2 . Figure 8 shows the concentration profiles at different dimensionless times, τ, when the Reynolds number (Re) is 3686. As τ increases, the particle accumulation near the bottom decreases rapidly. At τ = 400, the accumulation is almost negligible. Figure 9 shows the effect of the Reynolds number on the particle accumulation. Different Reynolds numbers can be achieved by changing the flow rate. For the same dimensionless time τ = 150, as the Reynolds number increases, the particle accumulation decreases gradually. Figure 10 shows the time evolution of the nanoparticle concentration at radial positions R = 0 and R = 2 for different Reynolds numbers. Figure 11 shows the nanoparticle accumulation (φ s ) as a function of time for different Reynolds numbers. Figures 10 and 11 indicate, quantitatively, that the removal speed of the nanoparticle accumulation increases significantly as the Re changes from 921 to 3686. 
Effects of the Reynolds Number
Effects of the Pulsed Flow and the Bottom Borehole Geometry
We investigate two possible methods for improving the removal of the accumulated nanoparticles, namely (i) using a pulsed flow or (ii) changing the bottom borehole geometry. For the following simulations, the Reynolds number is assumed to be 921; therefore, the flow is laminar. Figures 12 and 13 show the effect of the pulsed flow on the nanoparticle accumulation. The pulsed flow is realized by applying a sinusoidal inlet velocity, U in = U 0 (1 + sin(2π f t)), where f is the frequency of the pulsed velocity and U 0 is the mean velocity. As expected, a pulsed flow enhances the disturbance of the flow and improves the removal of the particles accumulated; a higher pulse frequency ( f ) gives a better removal performance. From Figure 13b , the effect of the pulsed flow on the concentration profile at R = 2 is moderate, and the effect at R = 0 is very significant. Figure 14 shows that the removal of the accumulated particles can be improved by reducing the distance between the end of the inner pipe and the bottom borehole or rounding the corners of the bottom borehole. It should be noted that following Buongiorno [34] , in this paper, we have assumed that the migration of the nanoparticles can be induced by the Brownian motion, thermophoretic diffusion, gravity, and turbulent diffusivity, while the mechanism for the aggregation of nanoparticles has not been included. The suspension stability of the nanofluids is affected by φ s , (a measure of the accumulated particles compared with the bulk concentration). In some situations, aggregation of the nanoparticles can occur, and as a result, the properties of the nanofluids change. Xuan et al. [67] simulated the aggregation process of the nanoparticles using the theory of Brownian motion and the diffusion-limited aggregation model; the simulations indicated that the nanoparticle aggregation reduces the thermal performance of the nanofluids, which agreed with their experimental measurements. Furthermore, although most nanofluids have been shown to have good suspension stability while also providing thermal enhancement in geothermal heat exchangers [2] , the cost of using nanofluids should be considered. This could be an important economical concern because geothermal piles are usually very long, requiring a large amount of working fluid.
Conclusions
Nanofluids have been shown to increase the heat transfer coefficient in various applications, including geothermal heat exchangers. In this paper, we study the flow of nanofluids in a coaxial geothermal heat exchanger. The suspension is modeled as a non-linear, complex fluid; the nanoparticle migration is modeled by a particle flux model, which considers the effects of Brownian motion, gravity, turbulent eddy diffusivity, etc. Through numerical simulations, it is found that when nanofluid is static, particles tend to accumulate near the bottom borehole due to gravity; the nanoparticles sedimentation process usually takes several hours. It is also found that sedimentation is more noticeable for nanofluids with larger particle sizes or higher densities of nanoparticles. Furthermore, the variation of the inclination angle between the pipes and the direction of gravity also influences the sedimentation pattern. Once the flow/operation starts, the accumulated nanoparticles can be "washed" out within several minutes by fluid flowing at relatively high velocities, indicating good suspension stability of the nanofluids. With a higher Reynolds number, the accumulated nanoparticles can be cleaned much faster. We also find that a pulsed flow or an optimized geometry of the bottom borehole can potentially improve the stability of the suspension. It should be noted that the methods for improving the nanofluids' suspension stability can be generalized for analyzing other types of solid particles existing in a heat exchanger. 
